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INTRODUCTION

Millions of the Army’s M9xx 120-mm mortars have been fielded. It is the Army’s standard
practice to conduct tests to verify the quality of the weapons prior to fielding of the production
lot. In 2002, approximately 1500 mortars were tested at the Army’s test facility in Yuma,
Arizona. A number of mortars fell short of the 7200-m range requirement (ref. 1). All of the short
rounds were missing one or more fins. It is not known whether the rounds that met range
requirements had all of their fins intact.

An inspection of the test facility at Yuma yielded dozens of broken fin sections, probably
from years of tests. Most of the broken parts consisted of bent and twisted fins (fig. 1). Some
broken parts had flat fins and part of the cylinder (fig. 2).

Figure 1
Two broken and deformed mortar-fins

Figure 2
Two broken fin parts, flat fin plus cylindrical part

This paper describes the structural analyses used to determine the proximal causes of
failures in the 120-mm mortar. Finite element analysis was done with a number of different
loading cases. Several high stress regions were predicted for different applied loads.

The analyses indicated two types of failures under two different loading conditions. The
proximal cause of failures at the fin root (fig. 1) is unequal pressure on one side of the fin. This
higher pressure can cause bending, twisting, yielding, and/or ripping of the fin. The proximal
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cause of failure between fins (fig. 2) is a defect at a high-hoop stress region that results in
fracture failure. The fracture failure occurs from an internal pressure in the fin cylinder. Yielding

is probably not visible.

STRUCTURAL ANALYSIS

Geometry

The geometry of the two-part tail-assembly was imported from the Pro Engineer (ProE)
drawings (fig. 3). The assembly consists of two tubular sections: an inner perforated tube and
an outer tube with eight fins. The inner perforated section is about 225-mm long, has an inner
diameter of about 26-mm, and an outer diameter of 36-mm. Ignition cartridges are wrapped
around the perforated section. The fin section was about 58-mm long, with an outer diameter of
about 42 mm, and an inner diameter of about 36 mm. The two parts are press-fit together. The
maximum interference fit, based on the tolerances on the drawing, is about 0.11 mm. The fin

section had the failures.

Inner, T

‘ Perforated | Fil

Section Section
Figure 3

Solid rendering of the tail section of the 120-mm mortar

Finite Element Model

The two part tail-assembly was de-featured and analyzed using the general-purpose,
finite-element program ABAQUS (ref. 2). The inner perforated section was de-featured to
eliminate fillets and holes. The fin section was analyzed with little de-featuring. Fillets at the fin
root and fillets near the press-fit were retained. The ProE geometry was altered in ABAQUS to
have the maximum interference. All analyses were nonlinear and included the press fit.

One-eighth model was used to model the two parts (fig. 4). Both cylindrical sections were
modeled using 8-node brick elements. In addition to the symmetry constraints, an axial con-
straint was used on both parts.




Figure 4
Finite element mesh and boundary, 1/8-model

Material

Both parts of the tail assembly were extruded from aluminum. Young’s Modulus was
73,023 MPa, Poisson’s ratio was 0.3, and the mass density was 2.3-gm/cm®. The perforated
section was modeled as a linear-elastic material. The fin section was modeled as an elastic-
plastic material. Points from a tensile test of a fin were used to model the fin part (fig. 5). The
engineering yield and ultimate strength were 464 and 502 MPa. ABAQUS uses the true stress
and strain, 466 MPa for yield and 538 MPa for ultimate tensile strength.

Stress Strain Diagram,
from a 120-mm Mortar, Damaged Fin
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Figure 5
Stress/strain diagram from damaged fin

A fracture analysis was done on the fin section following analysis. The fracture toughness
for the fin-section is estimated to be 17.9 MPavm.




RESULTS

Table 1 summarizes the load cases that were evaluated. The first step initialized
displacements and stresses due to the press fit. In case 2, a uniform internal pressure was
applied to the inside of the perforated tube (fig. 6a). The magnitude of the internal pressure, 98
MPa, was determined from experimental measurement. In load step 3, a uniform pressure was
applied to the outside of the assembly. In load step 4, pressure was applied to one side of the
fin (fig. 7a). No yielding resulted from load cases 1 and 3 and stresses were lower than for
cases 2 and 4.

Table 1
Load cases
Case Load Load | Maximum | Plastic Plasticity
MPa | Mises strain at
MPa |mm/mm

1 |Press fit 0.0] 301.2 None None

2 |Internal pressure | 98.0 | 478.4 | 0.0017 Inner radius, under fin

3 |External pressure| 10.4| 234.2 | 0.0017 No additional

4 |Fin pressure 3.5| 683.0 | 0.048 Fin back

The internal pressure of 98 MPa, load case 2 from table 1, resulted in three, high-stress
regions (fig. 6b). There are high von Mises stresses directly under the fin and at the inner
diameter of the cylinder, at the fin fillet on the outside of the fin cylinder, and midway between
the fins on the inside of the fin tube. Yielding was predicted directly under the fin on the inside of
the cylinder. The plastic region did not go through the thickness of the cylinder and the von
Mises stress was below the ultimate tensile strength of the aluminum.

+B.B32e+00
Max +6.928e+04
at elem 1853
Min +8.832e+00
at elem 8548

-} A3

Figure 6
Internal pressure on fin assembly, 98 MPa

Critical crack sizes were predicted for the three high-stress regions shown in figure 6b.
The smallest critical cracks resulted from the longitudinal cracks opened by the hoop stresses.
For load, the 98-MPa internal pressure, the smallest critical flaw on the inside of the cylinder,
was estimated at 0.18 mm (0.007 in.). Along the outside of the cylinder, the smallest critical




crack size was estimated at 0.23 mm (0.009 in.). As shown in figure 2, several of the broken
fins had failure modes consistent with fracture failure. The failure surface was rough and without
discernable yielding of the fins or fin cylinder.

Figure 7a shows load case 4, an unequal pressure on one side of the fin. A pressure of
1.4 MPa resulted in yielding of the fin near the root. A pressure of 2.1 MPa resulted in von Mises
stresses exceeding the ultimate tensile strength of the aluminum (figure 7b in units psi). At the
2.1-MPa pressure, the plastic zone extended through the fin thickness, indicating probable
tearing of the fin at this location. Numerous examples of broken and twisted fins were consistent
with the deformation and stresses shown in figure 7b.
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Figure 7
Load case 4: pressure on one side of fin

Additional evidence of unequal pressure as a proximal cause of failure occurred in recent
short-rounds. In the broken short-rounds in figure 8, two adjacent damaged fins appear to be
twisting away from the same spot, indicting high pressure between two fins. In figure 8a, note
the fins at 10:00 and 12:00 seem to be twisting in opposite directions. Similarly the damaged
fins in figure 8b seem to be twisting away from one another. Note the fins at 4:00 and 6:00 in
figure 8b.

Figure 8
Evidence of high unequal pressure between two fins
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CONCLUSIONS

The analysis indicated that a fracture could occur with large internal pressures at critical
defects. The smallest crack size was predicted with longitudinal cracks on the inside of the fin
cylinder. This type of defect is consistent with scoring due to assembly at the press fit. Evidence
of scoring was found in some broken parts, but it was not clear that scoring had caused a
specific failure. However, the broken parts shown in figure 2 are consistent with the high stress
regions in figure 6b.

The analysis indicated that permanent deformation and failure can result from pressure on
one side of the fin. The broken fins in figure 1 were consistent with the high stress pattern

predicted in figure 7b.

RECOMMENDATIONS, ON-GOING, AND FUTURE WORK

Six-sigma techniques are being used to assess the manufacturing and assembly process.
The goal is to reduce the size and number of scoring defects on the inside of the fin cylinder.

A test program was initiated to determine if unequal pressure is occurring on one side of
the fins. Instrumentation of rounds is in progress. Results should provide a dozen pressure time
curves over different fins for different charge distributions. The input will by used to determine
dynamic reaction of the fins and to verify that unequal pressure is occurring in some cases.
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